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ABSTRACT 
The feasibility of using gas chromatography as a mon-
itoring device for fermentation processes was investigated. 
Liquid and head space gas samples from Saccharomyces cerevi-
.!!!!. fermentations were collected and analyzed. Gas samples 
were analyzed for ethanol, oxygen, nitrogen and carbon di-
oxide while liquid samples were analyzed for ethanol. Both 
aerobic and anaerobic conditions were studied, us1ng molas-
ses as the primary carbohydrate source. 
The results were correlated along with conventional 
termentation parameters. Despite several shortcomings, gas 
chromatography proved successful in both paralleling and 
complementing traditional monitoring techniques. 
~ .. ~' ... 
CHAPTER 1 
INTRODUCTION 
· 1.1 Gas Chromat.ogranhy as a Fermentation Mani toring Device 
Traditionally, liquid samples are utilized as a means 
of monitoring fermentations. These samples are commonly 
analyzed for ethanol, glucose, cell mass, etc., to charac-
terize the fermentation. The main drawback in employing 
this method is the repeated risk of contamination. each time 
a sample is taken. Another, although subordinate, flaw is 
the multiple step process of analyzing liquid samples. How-
ever, liquid samples are easy to contain, preserve and store. 
During the fermentation process, the volatile metabo-
lites produced leave the fermenter through a sterile filter 
and therefore can be analyzed readity using gas chromato-
graphic techniques without the risk of contaminating the fer-
mentor. It is possible that this method can provide an ac-
curate (1) and reliable 'fingerprint' of the fermentation 
which can be used to: 
1) Conduct a metabolic study of the organisms present 
by identifying and measuring the various metabolites pro-
duced. A gas chromatography-mass spectroscopy assembly is 
readily adaptable for this purpose. 
· 2) · Study the uptake of various nutrients under dif-
ferent conditions by the qu·anti ta ti ve measurement of char-
acteristic metabolites (2). 
)) Dete·ct contaminants through the detection of metab-
2 
olites not normally produced by the organism under study. 
1.2 Scope of the Investigation 
The purpose of this study was to research the feasi-
bility of using gas chromatography to monitor Saccharomyces 
cerevisiae fermentations. Molasses was utilized as the pri-
mary carbohydrate source under both aerobic and anaerobic 
conditions. Gas samples were analyzed for ethanol, oxygen, 
nitrogen and carbon dioxide while liquid samples were used 
to monitor ethanol and glucose concentrations. Submerged 
probes were utilized to continuously measure pH and dissolved 
oxygen. 
) 
CHAPTER 2 
BACKGROUND AND THEORY 
2.l The Biochemistry of Yeasts 
2.1.1 Fermentation Versus Respiration 
~. cerevisiae is capable of metabolizing sugar whether 
or not oxygen is available. During respiration, glucose is 
catabolized to carbon dioxide and waters 
Fermentation results in the production of ethanol and car-
bon dioxide, 
During respiration about 50% of the available carbon source 
is converted to cell mass while during fermentation less 
than 10% of the carbohydrate is used for yeast growth (4). 
However, both metabolic pathways may be followed at the same 
time. Cysewski (5) has shown that the production of ethanol 
is actually enhanced by small amounts of oxygen. 
Both oxygen and glucose control the balance between 
respiration and fermentation (6). Moss has· shown that when 
the glucose concentration is low (less than 4.8 mM) metab-
olism is sensitive to oxygen. When dissolved oxygen is near 
saturation, glucose metabolism is 98% aerobic. But when 
dissolved oxygen is 1% saturated, 80% of glucose metabolism 
is by fermentation. However, when the glucose concentration 
is hi~ (greater than 149 mM) metabolism is predomenately by 
termentation even when dissolved oxygen is at saturation. 
4 
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Therefore the balance between respiration and fermentation 
as controlled primarily by the concentration of.glucose. 
The repression of respiration in the presence of oxygen an~
 
high glucose concentration is known as the •contre-effet 
Pasteur• or 'Crabtree effect•. 
Thus, the well known 'Pasteur effect' (inhibition of 
fermentation by oxygen) operates only during conditions of 
low glucose uptake. De Deken {7) cites several examples 
where the Crabtree effect is documented. Glucose· concen-
trations in excess of 5% inhibit synthesis of respiratory 
enzymes and the formation of mitochondria. In these stud-
ies the rate of 2• cerevisiae fermentation increased sharply 
during the exponential growth phase while the rate of res-
piration decreased to a low value. A few generations before
 
the end of the exponential phase the glucose concentration 
became low enough to permit the resumption of respiration. 
2.1.2 Conversion of Sucrose to Glucose 
Sucrose is the primary constituent of molasses and must 
be hydrolyzed by yeast to glucose and fructose before assim
-
ilation. This is carried out by the enzyme invertase at a 
rate far in excess of the fermentation rate (8). 
2.2 · Microbial Applications of Gas Chromatography 
Techniques developed for the analysis of volatile mi-
crobial metabolites ( 9-11) have be·en used as a means of de-
tection (12,1;} and identification (14,15) of bacteria. 
s 
Pyrolysis techniques have been proven successful for the 
fingerprinting of organisms (16-18) and the study of media 
effects on pyrochromatogram reproducibility (2). Other ap-
plications include the diagnosis of infections ·( 19) and the 
detection of life on Mars (20). However, the above tech-
niques involve liquid sample analysis. 
Hackenburg (21) provides an overview of head space gas 
chromatographic applications (22,23). The pyrolysis head 
space analysis of microbial cultures (24-28) also involves 
the extraction of liquid samples, thus ignoring a major ad-
vantage of using head space gas chromatography for fermen-
tation monitoring. However, in vivo head space studies have 
been done for the identification of microorganisms in foods 
(29), the analysis of volatiles produced by fungi (JO) and 
the analysis of beer volatiles (31,32). 
6 
,,.,,,.....,:,:· ,','.<=,,, .• ·,..: •• , •. )'. - ' 
,·.,_.,,.,'. -('· ·.,. 
CHAPTER J 
MATERIALS AND METHODS 
3.1 Equipment· 
3.1.1 Gas Chromatograph 
3.1.1.1 General Considerations 
A Hewlett-Packard Series 58JOA Gas Chromatograph (Model 
S8J4A) equipped with dual column capacity, dual thermal con-
ductivity detector (TCD) and dual flame ionization detector 
(FID) systems was used. The instrument was controlled by a 
multi-function digital processor. Values entered via the 
keyboard on a separate terminal unit established programmed 
temperature contrql of the chromatograph. The processor had 
time programable functions, carrier gas flow rate print out 
and ruction setpoint listings with.actual temperatures. The 
chromatograph analyzed integration data, basing its calcu-
lations on the method entered before a run was started. Dur-
ing operation the terminal traced the chromatogram on heat-
sensitive paper and printed each peak's retention time (RT) 
near its apex. At the end of a run the terminal printed a 
report listing retention times, associated areas and area 
percents. 
3.1.1.2 Detectors 
The TCD ·consists of four filaments in a Wheatstone 
bridge arrangement. As components leave the column, the 
' composition of the gas surrounding two filaments changes. 
7 
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Since the thermal conductivity of the carrier gas is six to 
ten times gr.eater than moat organic compounds (JJ) small a-
mounts of organic compounds cause a relatively large decrease 
in the thermal conductivity of the column effluent. The re-
sultant change in the thermal conductivity produces a change 
in tilament temperature, and in turn a change in the resist-
ance of the filament, causing an electrical output from the 
bridge circuit. The TOD responds to all types of inorganic 
and organic compounds. 
The PID consists of a hydrogen flame (burning air or 
oxygen) surrounded by an electrostatic field. Organic com-
pounds entering the detector are burned, forming ionic frag-
ments and free electrons. These are collected, producing 
an electric current proportional to the number of carbon at-
oms in the sample component. The FID responds only to ox-
idizable carbon atoms. There is no response from fully ox-
idized carbons such as carbonyl or carboxyl groups and re-
sponse diminishes with increasing substitution of halogens, 
amines and hydroxyl groups. Generally, the FID does not re-
spond to inorganic compounds. It is insensitive to water, 
permanent gases and carbon dioxide. 
The detection level (J4) for the TOD is O.l µg (0.01% 
in a 1 µl injection) while that for the FID is 1.0 ng (1 ppm 
in al µl injection). 
).1.1.) Columns 
Two separate columns were used tor the gas chromato-· 
8 
graphic analysis of fermentor head space gases. The firs
t 
was a Spherocarb column (Analabs, Inc.) which separates per-
manent gases (02, H2, N2), stack gases (CO, CO2)
 and light 
hydrocarbons (Table 1). Because a FID can not be utilized 
for the detection of inorganic compounds, the TCD must be
 
used with this column. 
The second column used had a liquid phase of Carbowax . 
on Chromosorb W (Hewlett-Packard Co.). This column (20 ft. 
X 1/8 in. copper tubing) consisted of 10% 1540 Carbowax on 
Chromosorb W, was acid washed and dimethyldichlorosilane 
{Div1CS) treated. It can be used to separate a variety of light 
aldehydes, alcohols and hydrocarbons. The Carbowax colum
n 
would be used preferentiably with the FID for the analysi
s 
of organic compounds. But because of the valving options
 
basic to the H-P 5834A, if one column uses the TCD both m
ust. 
This allows the carrier gas to pass through both sides of
 the 
detector, thus preventing damage to the TCD filaments due
 to 
overheating. Therefore, the less sensitive TCD was used 
with both columns for the analysis of head space gases. 
However, the FID was used for the analfsis of liquid 
samples since only the Carbowax column was utilized for t
his 
purpose. The temperature program used with the Carbowax 
column was identical for the analysis of both liquid and 
gas 
samples. The operating parameters for both columns are l
isted 
in Table 2, 
3,1,2 Fermentation Apparatus 
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Mllh 
60/80 
80/100 
100/120 
:::!..,; ,;;•_._..,~,·-;, ' ._ ... ·.: ''. 
Dtntlty 
0.5±0.0Sg/cc 
® 
® 
CD 
Inject 
! 
© ® 
® 
1.02 
2. N2 
3.CO 
4.CH, 
5.C02 
6.H20 
0123456 789101112 
Time, Min. 
~2s 0 c..J ~ 100°c •I 
~-=8!.' complex mixture containing H2, 0 2, H2, CO, 
Packing: Spherocarb, 100/ 120 mesh 
Column: 6 ft. x 1/e in. OD, stainless steel 
Colun:m ~emp: 25°C. then 1oo·c (Placed dry ice in oven to 
maintain temperature at 25°CJ 
Injector Temp: 1oo·c Detector Setting: 2.0 
Carrier Gas Flow: 40 ml/min, Helium 
Detector Sensitivity: 186 mA, thermal conductivity, attenuation X1 
Sample Size: 0.3 ml · 
Spherocarb Phy1lcal Properties 
Pore Surface Free 
Porosity Size Area Composition Fall Density 
60/80 =2.2 cc/g 
0.75±.0 1 cc/g 15l 1200m2/g carbon 80/ 100=2.4 cc/g 100/ 120=2.8 cc/g 
Table 1. SPHEROCARB COLUMN SPECIFICATIONS 
10 
Volume 
Tubing: W' OD, S.S. 
60/80 =.51 gift 
80/100=.47 gift 
100/120= 40g/ft. 
Column Spherocarb Carbowax Carbowax 
Sample Gas Gas Liquid 
Sample Size 1 cc 1 cc 1 µl 
Carrier Gas He He He 
Plow rate (ml/min) 25 JO 30 
Inlet pressure (psig) 50 so 50 
Detector TOD TCD FID 
H2 flow rate (ml/min) - .
3~. 
., .... , 
~:.· 
.. ,."). 
H2 inlet pressure (psig) -
15 
Air flow rate (ml/min) 240 
! 
-
' I 
Air inlet pressure (psig) - 28 
. . Inj action Port Temperature 150 150 170 
Detector Temperature 125 . 145 145 
Column Temperature 
Initial (°C) JO 60 60 
Initial temp. time (min) 4 8 8 
Pinal (°C) 100 120 120 
Rate (0c/min) 25 6 6 
Chart Speed (cm/min) 0.5 0.5 o.4 
Table 2. COLUMN OPERATING PARAMETERS 
11 
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The fermentor used was a 7 liter Bio-Kulture Bench-
Scale Fermentor (Fermentation Design,· Inc.) equipped with 
pH, dissolved oxygen (DO) and foam probes. Foaming was co~-
trolled by the addition of a 2% dimethylpolysiloxane solu-
tion (Silicone Products Department, General Electric Co.). 
The DO probe was a New Brunswick Scientific Galvanic Probe 
(Model M016-0201) connected to a Fermentation Design DO An-
alyzer/Recorder (Nlodel DOAR). PH was monitored continuous-
ly using an Ingold Immersion Probe (Model 761-J51B) connected 
to a Horizon pH controller (Type 5977). 
The arrangement of the apparatus utilized for the aer-
obic fermentation (Figure 1) was naturally slightly different 
from that used for the anaerobic study. In the latter case 
the following changes were made: 
1) No DO probe was used. 
2) The gas exit stream was passed through a water trap 
to assure anaerobic conditions. 
J) The head space gas sample port was inserted in the 
gas exit line upstream of the water trap. 
4) The gas exit line was clamped shut during auto-
claving to prevent the water trap fluid from being drawn into 
the main fermentation vessel during cooling. 
5) The· air inlet line, attached to a filter, was 
cla.Diped shut after autoclaving to maintain anaerobic con-
ditions. 
The anaerobic apparatus gas exit line is shown in Figure 2. 
12 
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Figure 2. ANAEROBIC FERMENTATION GAS EXIT LINE 
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3.1.3 Media Compositions 
Molasses was used as the primary carbohydrate source 
for both aerobic and anaerobic fermentations. A malt ex-
tract/yeast extract (MY) medium was used for all seed cul-
tures. The composition of these media are shown in Table J. 
3.2 Experimental Procedure 
3.2.1 Fermentation Procedure 
An MY agar slant was streaked with 2• cerevisiae (ATCC 
4134) and incubated for 48 hours at 2a0c. After inoculation, 
50 ml of MY media in a 125 ml flask was agitated in a Magni 
Whirl Constant Temperature Bath (Blue M Electric Co.) for 24 
hours at 28°c. This was used t·o inoculate 250 ml of MY media 
in a 500 ml magnetically agitated filter flask equipped with 
a hose which could be attached aseptically to the main fer-
mentor seed culture addition port. This final seed culture 
was incubated in a constant temperature bath for 24 hours at 
2s0c. These seed cultures were not completely anaerobic be-
cause of aeration at the broth surface due to agitation. 
To prevent the ammonium phosphate from reacting with the 
other molasses media components during autoclaving, it was 
dissolved in 500 ml of water in a 1 liter aspirator bottle 
attached to the main fermenter by a clamped rubber hose. 
The complete fermentation apparatus was autoclaved at 15 psig 
and 2;0°F for 1 hour. 
Por both the aerobic and anaerobic fermentations a me-
dium quantity based upon 4 liters of water was used. The· 
1S 
MY Media 
Malt Extract o.J% 
Yeast Extract O.J% 
Glucose 1.0% 
Peptone 0.5% 
Molasses Media 
Molasses 15.0% 
(NH3)2HPo4 1.8% 
MgC12 O.J% 
Re:t"ineey Cane Molasses (36) 
Reducing Sugar (as invert) 50.0-58.0% 
Ash J • 5-7 • 5% 
K
2
0 0. 8-2 .2% 
MgO 0.25-0.8% 
Cao o .15-0. 8% 
N2 0 .08-0. 5% 
P205 0.01-0.07% 
Table J. MEDIA COMPOSITIONS 
16 
fermentations were rµn at 2a0c and JOO RPM.while an aeration 
rate of 3 LPM was used for the aerobic fermentation. 
J.2.2 Sampling Techniques 
Head space gas samples were collected using a gas tight 
syringe (Hamilton #1005-LT). The syringe was stored in a 
drying oven (55°c) when not in use to remove volatiles. The 
syringe was purged once with head space gas before collecting 
a 1 cc sample to be injected into the gas chromatograph. 
Pairs of samples were collected at regular intervals, ana-
lyzing the first on the Spherocarb column. Immediately fol-
lowing the completion of this run, the second sample was 
collected and analyzed on the Carbowax column. 
While the second gas sample was being analyzed a liquid 
sample was collected. Liquid samples were taken by means of 
a Manostat Varistaltic Pump rather than with a syringe to 
prevent contamination due to repeated sampling. The liquid 
sample line was purged by pumping out 25 ml of broth before 
collecting a 10 ml sample to be stored immediately in a fre-
ezer at -15°c. When liquid samples were taken during peri-
ods of low anaerobic gas production, the gas exit line was 
closed at clamp #1 (Figure 2) and the side filter was opened 
(clamp #2). This prevented the water trap fluid from being 
drawn up into the gas exit line while the pump was operating. 
J.2.3 Liquid Sample Analysis 
After each fermentation was completed the liquid sam-
17 
ples were thawed, centrifuged and analyzed for glucose using 
a Yellow Springs Instruments glucose·analyzer (Model 2JA). 
A 1 µl liquid sample (transfered using Hamilton Syringe Mo~el 
701-N) was analyzed using the Carbowax column and FID. 
To determine the concentration of ethanol in liquid sam-
ples, a calibration curve (Appendix A) was prepared by an-
alyzing known concentrations of ethanol in water. The eth-
anol peak area of each standard was plotted versus its eth-
anol volume to total volume ratio. When an unknown liquid 
sample was analyzed the volume ratio corresponding to the 
area under the ethanol peak was determined from the cali-
bration curve. This ratio was converted to grams per liter 
by multiplying by the density o·r ethanol (37) : 
EtOH Cone.= (789.3 g/l)X(Vol. EtOH/Total). 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Aerobic Fermentation Results 
4.1.1 Head Space Gas Samples 
A typical aerobic fermentation head space gas chromat-
ogram obtained using the Sperocarb colwnn is shown in Fig-
ure J. The retention times of oxygen, nitrogen and carbon 
dioxide are 2.47, 2.67 and 11.81 minutes respectively. Aer-
obic fermentation head space gas sample compositions are 
plotted versus time in Figure 4. The carbon dioxide curve 
in this figure indicates the peaking of metabolic activity. 
The ratio of nitrogen to oxygen (Figure 5) shows that there 
is oxygen uptake during the production of ethanol. 
A typical head space gas chromatogram obtained using 
the Carbowax column is shown in Figure 6. This column can-
not separate oxygen, nitrogen and carbon dioxide. The peak 
at 2.02 minutes marks the evolution of these compounds. The 
data tabulated in Appendix B shows ethanol (RT: 11.66 min.) 
could be detected in only three head space gas samples. Aer-
ation dilutes the head space concentration of trace organic 
compounds (particularly acetaldehyde) below the detection 
range of the TCD. 
4.1.2 Liquid Samples 
A typical aerobic fermentation liquid sample chromato-
gram is shown· in Figure 7. Ethanol (RTz 12.4 min.) is the 
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prominant detectable compound. A substantial number of trace 
elements {approximately 10) were eviaent after 18 hours e-
lapsed fermentation time. Acetaldehyde was not detected in 
the liquid samples because of its high volatility under the 
fermentation conditions. 
Comparing these results with those obtained by the Carb-
owax column analysis of head space gases, it is obvious that 
the less sensitive ·rcn is overwhelmed by inorganic gases 
while the FID is successful in detecting many characteristic 
trace compounds in the liquid phase. Because of its insen-
sitivity to inorganic compounds, the more responsive FID is 
better for the detection of ethanol and trace organic com-
pounds in head space samples. 
Aerobic fermentation liquid sample compositions and pH 
are plotted versus time in Figures 4 and 8 respectively. 
These curves show a lag phase of approximately 10 hours fol-
lowed by an exponential phase of equal length. The minimum 
in the dissolved oxygen curve corresponds with the head space 
gas carbon dioxide and oxygen maximum and minimum. This 
shows that not only is oxygen consumed during the production 
of ethanol but these parameters can be successfully monitored 
using gas chromatographic techniques. 
4.2 · Anaerobic Fermentation Results 
4,2,1 Head Space Gas Samples 
A typical anaerobic fermentation head space gas chro-
matogram obtained using the Spherocarb column is shown in· 
2S 
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Figure 9. The retention times of oxygen, nitrogen and car-
bon dioxide are 2.66, 2.95 and 10.73 minutes respectively. 
The anaerobic fermentation head space gas sample composi-
tions are plotted versus time in Figure 10. Carbon dioxide 
is produced after a lag time of approximately 7 hours., The 
purging of air from the head space can be traced by the de-
crease in oxygen and nitrogen as carbon.dioxide is being 
produced. 
A typical head space gas chromatogram obtain.ed using 
the Carbowax column is shown in Figure 11. This chromato-
gram is virtually indistinguishable from those obtained from 
the aerobic fermentation except for the repeated detection 
of ethanol. This is because the anaerobic production rate 
of carbon dioxide is less than the rate of aeration in the 
aerobic fermentation. Therefore the concentration of eth-
anol in the anaerobic head space is greater and within the 
TCD detection range. Figure 12 shows a plot of the anaer-
obic fermentation head space gas ethanol concentration ver-
sus time. 
4.2.2 Liquid Samples 
A typical anaerobic fermentation liquid sample chro-
matogram obtained using the Carbowax column and FID is shown 
in Figure lJ. The chromatogram is virtually indistinguish-
able from those obtained from the aerobic fermentation. The 
anaerobic fermentation liquid sample compositions and pH are 
plotted versus time in Figures 10 and 14. The drop in the 
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anaerobic fermentation pH is less pronounced than that ob-
served for the aerobic fermentation. 
4.J Correlqtion o~ Liyuirt ~nd Head Spqce Data 
A useful extension of the gas chromatographic tech-
niques outlined in this report is the prediction of liquid 
phase ethanol concentrations based on head space data. A-
gain, this reemphasizes the possibility of reducing liquid 1 
sampling requirements. 
A simplified phase relationship is expressed by Henry's 
Law, 
y = kx 
where 'y' is the vapor phase mole fraction, 'x' is the liq-
uid phase mole fraction and 'k' is a proportionality con-
stant to be determined experimentally. The data tabulated 
in Appendix C was used to calculate an average value of k. 
The conversion factors for units are incorporated ink so 
that y and x are expressed as percent ethanol and grams/li-
ter of ethanol, respectively. Head space ethanol data and 
an average value of k were used to calculate liquid sample 
ethanol concentrations (Table 4). These values were compared 
to those results obtained experimentally. Generally, values 
calculated for the liquid phase ethanol concentration were 
within 5% of the values determined experimentally. However, 
those calculated values showing the most discrepancy cannot 
be identified as having stray experimental points. 
Por ideal solutions the phase relationship can be ex-
)4 
~ 
0.089 
0.294 
o.405 
0.609 
0.857 
0.951 
1.063 
x{gpl) k = y/x x(calc) x(calc)-x(exp) % Diff. 
4,519 0.01969 3,499 -1.02 
11,81 0.02489 11,56 -0.251 
16,68 0,02428 15.92 -0.759 
24,25 0.02511 23.94 -O,J06 
28.36 0.03022 33.69 -5,JJ 
35.26 0.02697 37.39 -2.lJ 
39.56 0.02687 41.79 -2.23 
k = 0.02543 Stand. Dev.= 2,57 gpl 
Table 4. CORRELATION OF ANAEROBIC FERMENTATION 
LIQUID AND HEAD SPACE GAS DATA 
22.6 
2.12 
4.54 
1.26 
18.8 
6.04 
5.64 
I ,. 
/ 
pressed by Raoult's Law: 
yP = P5x 
where 'P' is the ambient pressure and •p9 • is the vapor pres-
sure of ethanol. Thi~ relationship is identical to Henry's 
Law when k = Ps/P. From Perry (J8) P5/P equals 0.01183. 
When converted to the units used for the above Henry's Law 
· calculations, y = 0.02890x by Raoult's Law. This is in good 
agreement with the value of k calculated experimentally. 
4.4 Comparison of Aerobic and Anaerobic Results 
Using liquid sample composition as a means of compar-
ison, .the general trends in ethanol production and glucose 
utilization are similar for both fermentations. Under aer-
obic conditions there is a shorter lag phase. A comparison 
of Figures 4 and 10 shows glucose is utilized and ethanol is 
produced at faster rates during aeration. · As seen by the 
dissolved oxygen curve and Figure 5, oxygen is consumed by 
the aerobic fermentation. Therefore, the respiration and 
fermentation pathways are followed simultaneously. 
4.s Alcohol Yield 
Based on a working .volwne of 4 liters, the fermentor 
was charged with 750 grams of molasses containing approxi-
mately 400 grams of fermentable sugar. The anaerobic fer-
mentation produced 177.5 grams (44.J8 gpl) of ethanol. The 
yi~ld was 8S.7% based on a stoichiometric yield of 207 grams. 
The aerobic fermentation produced 133.1 grams (JJ.28 
)6 
' i' 
gpl) of ethanol. The yield was 64.J%.·This is a signifi-
cant decrease in yield but ethanol was stripped .from the aer-
obic fermentation by aeration. An average Henry's Law con-
stant (Table 5) can be calculated to approximate the vapor 
phase ethanol concentration and determine the ethanol lost: 
F = Qdy 
where 'F' is the flow· rate of ethanol leaving the fermenter, 
•y• is the mass fraction of ethanol in the vapor phase cal-
culated by y = kx, 'Q' is the aeration rate (1PM) .and 'd' 
is the density of air (39). The above expression can be 
integrated over the fermentation time to approximate the 
total amount of ethanol lost (Table 5). A loss of 12.37 
grams reduces the liquid phase ethanol concentration by 3.09 
gpl. An aerobic fermentation ethanol concentration of J6.J7 
gpl is a yield of 70.J%. 
· Under aerobic conditions approximately 145.5 grams of 
ethanol were produced in 21.75 hours (6.69 grams/hour). 
Under oxygen deficient conditions 177.5 grams were produced 
in 31.5 hours (5.6J grams/hour). Therefore, aerobic fer-
mentations may be favored for the production of alcohol. 
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Calculation of Henry's Law Constant 
y (%) X (gpl) .k = y/x 
0.077 11.15 0.00691 
0.448 28.82 0.01554 
0.695 28.82 0.02412 
k = 0.01552 
Q!lculation of Ethanol Lost Due to Aeration 
X y = kx F(g/hr) 
o.o 
-
0.258 0.0040 0.00840 
0.627 0.0097 0.02041 
1.692 0.0263- 0.05507 
5.429 0.084; 0.1767 
11.15 0.17:31 0.:3629 
28.82 o.447:3 0.9:381 
JJ.28 0.5166 l.08J 
28.82 o.4473 0.9:381 
JJ.28 0.5166 l.08J 
IF= 12.J? g = J.09 gpl 
Table 5. CORRELATION OF AEROBIC FERMENTATION 
. LIQUID AND HEAD SPACE GAS DATA 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 Experimental Difficulties 
The success of serious monitoring applications relies 
upon the reproducibility of data, particularly when based 
upon changes in a chromatographic fingerprint. This is es-
pecially true when detecting components of low concentra-
tion. Trace compounds characterizing the fermentation be-
come indistinguishable from trace impurities. 
For example, when analyzing standard samples for the 
formulation of an ethanol calibration curve, trace impuri-
ties were present up to 1.77% of the total material detected. 
Of course this was reasonably neglected considering the di-
lution of the sample (O.l Vol.%) but maximums of only l.06J% 
and o.695% ethanol were discovered in the anaerobic and aer-
obic fermentation head space gases respectively. Therefore, 
the detection of low compound levels is ignored in the case 
of the calibration curve while it is a basis for the study 
of head space gases. 
However, excluding inorganic compounds, the anaerobic 
head space gas ethanol level of l.06J% accounts for 98.0J% 
of the material detected. In a preliminary study of bakers• 
yeast:the FID and Carbowax column were used for all head 
space gas analyses (Figure 15) confirming the role of eth-
anol (RT: 11.62) as the major organic metabolite. Although 
~ot confirmed, the constituent with a retention time of 8.80 
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minutes is thought to be acetaldehyde. The utility of a 
chromatogram of this resolution is obvious, thus reenforc-
ing the benifits of using the FID for this type of appli-
cation. 
5.2 Gas Chromatography as a Fermentation Monitoring Device 
It can be seen from the data presented in this report 
that gas chromatography can be used successfully to monitor 
fermentation processes. In this study, ethanol and carbon 
dioxide in head space gases were easily measured under both 
aerobic and anaerobic conditions. 
However, under normal circumstances dissolved oxygen 
me~surements and the evolution of gas in a water trap can 
be used to indicate the exhaustion of aerobic and anaerobic 
fermentations respectively. Therefore, for routine fermen-
tation processes the investment in gas chromatographic e-
quipment may not be justified. However, several situations 
exist where the application of gas chromatographic techniques 
is warrented: 
1) Metabolic studies of either nutrient assimilation 
or metabolite production for academic or investigative pur-
poses. 
2) Those fermentations that are extreemely sensitive 
to contamination may require close monitoring. 
3) Monitoring of fermentations justifying close su-
pervision, such as those terminated before completion to op-
erate at peak efficiency or to prevent the undesira~le up-
41 
take of an alternate substrate~ 
Under aerobic conditions~- cerevisiae is capable of 
oxidizing ethanol once the sugar source has been depleted. 
The fermentation can be terminated at this point, as indi-
cated by the gas chromatographic analysis of head space gases. 
42 
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Figure 16. ETHANOL CALIBRATION CURVE 
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AEROBIC FERMENTATION DATA 
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Table 6. AEROBIC FERMENTATION HEAD 
SPACE GAS SAIIIPLE DATA 
Time (hr) % 02 % N2 % CO2 
1.0 
4.0 
7.0 
10.0 
lJ.O 
16.0 
19.0 
25.0 
28.0 
19.27 77.61 
18.75 81.23 0.001 
19.35 80.50 0.029 
18.82 80.45 0.725 
18.47 79.20 2.24 
17.66 76.90 5.43 
17.55 74.79 7.61 
18.87 80.92 0.201 
18.85 81.06 0.080 
Fermentation Conditions 
Aeration 3.0 LPM 
Temperature 28 °c 
Agitation JOO RPM 
% EtOH 
-
-
-
-
-
0.077 
o.448 
. 0.695 
-
Table 7. AEROBIC FERMENTATION LIQUID SAMPLE DATA 
Time (hr) 
1.0 · 
4.0 
7.0 
10.0 
13.0 
16.0 
19.0 
22.0 
25.0 
28.0 
Glucose (gpl) pH % DO 
26.8 6.50 100 
33.0 6.44 100 
22.5 6.39 100 
21.0 6.29 93 
26.2 6.08 76 
15.2 5.64 · 47 
1.71 4.96 60 
1.01 4.61 79 
o.48 4.61 97 
0.23 4.59 100 
Fermentation Conditions 
Aeration· J.O 1PM 
Temperature 28 °c 
Agitation JOO RPM 
so 
EtOH (gpl) 
o.o 
0.258 
0.627 
1.692 
5.429 
11.15 
28.82 
33.28 
28.82 
33.28 
,1 
·" 
APPENDIX C 
ANAEROBIC FERMENTATION DATA 
Sl 
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Table 8. ANAEROBIC FERMENTATION HEAD SPACE GAS SAMPLE DATA 
Time (hr) 
o.o 
3.0 
· 6.0 
a.o 
·10.0 
12.0 
14.0 
16.0 
18.0 
20,0 
22.0 
24.0 
26.0 
28.0 
30.0 
% 02 
20.02 
16,00 
15,44 
14.35 
5.980 
2.150 
0.632 
0.215 
0.268 
o.413 
o.420 
0.542 
0.272 
0.337 
20.37 
% N2 
73.96 
79.96 
82.13 
75.41 
41.0J 
13.67 
2.924 
o.864 
1.047 
1.599 
1.635 
2.106 
1.049 
1.298 
78.84 
% CO2 
4.011 
J,317 
2.343 
10.08 
52.88 
84.09 
96,JJ 
98,90 
98.66 
97.94 
97.97 
97.33 
98.65 
98.JS 
Fermentation Conditions 
Temperature 28 °c 
Agitation JOO RPM 
52 
% EtOH 
-
0.023 
0.089 
0.294 
o.405 
0.609 
0.857 
0.951 
1.063 
-
\ 
Table 9. 
l 
\ 
Time (hr) 
o.o 
3.0 
6.o 
8.0 
·10.0 
12.0 
14.o 
16.0 
18.0 
20.0 
22.0 
24.o 
26.0 
2a.o 
30.0 
ANAEROBIC FERMENTATION LIQUID SAMPLE DATA 
Glucose (gpl) pH 
44.50 6.50 
46.50 6.45 
46.75 6.36 
46.oo 6.25 
40.25 6.15 
42.00 6.09 
39.00 6.02 
35.00 · 5.96 
28.75 5.88 
22.50 5.78 
15.75 5.72 
· 8.75 5.65 
3.38 5.58 
1.25 5.56 
1.11 5.56 
Fermentation Conditions 
Temperature 28 °c 
Agitation JOO RPM 
53 
EtOH (gpl) 
0.300 
0.314 
o.642 
0.980 
1.306 
2.924 
4.519 
7.669 
11.81 
16.68 
.24.25 
28.36 
35.26 
. 39.56 
44.38 
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